In the context of a conceivable Coulomb explosion within the DNA strand after the decay of DNA-incorporated 125 I or 123 I, the stability and structure of 5-tellurouracil cations and the dissociated states C 4 H 3 N 2 O − 2 + Te were investigated by density functional theory calculations for total charges between 0 and +7. Three isomeric structures of 5-tellurouracil with different Te atom positions were identified, depending on the cation charge. 5-tellurouracil is (meta-)stable up to the charge +5. Thymine, telluromethane and telluroethane cations were examined for comparison.
Introduction
DNA-incorporated 125 I and 123 I in the form of 5-iodouracil or iododeoxyuridine ( 123/125 IUdR) have been demonstrated to cause a strong radiotoxic effect comparable to high-LET radiation, e.g. [1] [2] [3] . A number of theoretical studies have identified the shower of low-energy Auger electrons emitted during the decay to 125 Te or 123 Te, respectively, as being responsible for this effect e.g. [4] [5] [6] . However, it is still questionable whether the severe impact of closely localised energy deposition by these shortranging electrons is the only mechanism leading to molecular DNA strand damage. The extremely fast emission of many electrons during the Auger cascade leaves a highly ionised atom behind. Since this atom is part of a molecule, reorganisational consequences for this molecule must be expected. Such a process -a so-called Coulomb explosion -was discussed some time ago by Carlson and White [7] on the basis of experiments with iodomethane and iodoethane.
In contrast to the many studies on the Auger electron action mode, there are very few investigations on the possibility and relevance of a Coulomb explosion [8] [9] [10] . From their experimental data, Martin and Lobachevski [8] concluded that about one half of the DNA single strand breaks induced by the decay of 125 I are associated with the consequences of positive charges on the daughter atom. In the two theoretical studies, semiempirical quantum mechanical computer programs were used to identify stable molecular configurations of 123/125 IUdR after increasing the number of charges. No stable molecule was found with a total charge of ≥+5e. In addition, molecular dynamics simulations applied to consider conformational changes as a function of time showed that the breaking of chemical bonds took place between the atoms with the steepest charge increase.
In this work, the stability and structure of 5-tellurouracil cations were investigated as a function of increasing charge by means of the fully quantum mechanical approach of density functional theory (DFT). Additionally, thymine, telluromethane and telluroethane cations were examined for comparison.
Method
The geometries of various isomers and transition states for cations of 5-tellurouracil, thymine, telluromethane and telluroethane were optimised at the B3LYP level of the density functional theory using the Gaussian 03 software [11] . The basis set Lanl2DZ was applied for Te and 6-31G(d,p) for the other atoms. For Te, Lanl2DZ was also used as an effective core potential. Additionally, the vibra-tional frequencies and eigenvectors were calculated at the same level to distinguish between a transition state, i.e. a saddle point in the potential energy surface (PES) involving an imaginary vibrational frequency, and a (meta-)stable state, i.e. a (local) minimum in the PES which implies only real vibrational frequencies.
3 Results and discussion
5-Tellurouracil
For the cations of 5-tellurouracil, three isomers were found that differed with regard to the bonding of Te to the uracil molecule. Te may be bound to the C(5) atom, to C(5), C(4) and O(4) simultaneously or solely to O(4) (which should be designated 4-tellurouracil), see Fig. 1 . These isomers are denoted as Te-C, Te-(C,O) and Te-O isomers in the following. The stability of these isomers depends on the charge of the molecule, see Table 1 and Fig. 3 . The neutral molecule has only one isomer, the Te-C isomer. In the case of the singly charged cation, the Te-(C,O) isomer is stable and the Te-C isomer is metastable. The same holds for the doubly charged cation, but additionally a metastable Te-O isomer also exists. For the more highly charged cations, the Te-C isomer no longer exists and from the charge +4 onwards, the Te-O isomer is the most stable one. With the charge +6, the molecule dissociates into the 5-monodehydrouracil cation C 4 H 3 N 2 O 3+ 2 and Te 3+ . There are two isomers of 5-monodehydrouracil (denoted as MDU in the following), a hexagonal and a pentagonal one with a -C-O group, see Fig. 2 . Table 1 and Fig. 3 also show the binding energies for the dissociated cations MDU + Te considering both MDU isomers. The pentagonal MDU isomer is more stable than the hexagonal one for all charge levels. The hexagonal MDU isomer with the charge +1 is not stable, it is a transition state whose instable vibration vector is orthogonal to the symmetry plane. The pentagonal MDU + Te cations are energetically advantageous compared to the tellurouracil cation for total charges as small as +2. The DFT calculations showed that for even total charges, the charge is distributed equally between Te and MDU, and for odd charges, MDU is more highly charged by one. The cyclic structure of the MDU cation breaks at a charge of +5, see Fig. 2 .
The structures and binding energies could not be determined for all transitions occurring due to convergence difficulties. The ascertained transition states between the Te-(C,O) and Te-O isomers as well as between the Te-O isomers and the MDU cations show that the energy barriers for the dissociation are very low for the total charges +4 and +5. Table 2 
Thymine
In contrast to the tellurium atom, the methyl group does not tend to move to the neighbouring oxygen atom with increasing molecular charge. With the charge +5, the molecule pushes one of protons out of the methyl group, i.e. it dissociates into the 7-monodehydrothymine (MDT) cation C 5 H 5 N 2 O 4+ 2 and H + . As shown in Table 3 , the MDT −1 cation is energetically advantageous compared to the thymine cation for charges ≥ +3. The MDT −1 cation breaks at a charge of − 1 = +7. Evidently, MDT is slightly more resistant to the Coulomb explosion than MDU because the charge can be distributed over a larger volume.
Telluromethane and telluroethane
Telluromethane and telluroethane both exist up to the charge +3. However, in the case of telluroethane, the position of the Te atom changes such that it forms an acute-angled triangle beginning at a charge of +1. With increasing charge, the triangle becomes nearly isosceles, see Table 4 . The Te-C bond distance in telluromethane decreases with increasing charge ( + Te (with = /2 for even , = ( + 1)/2 for odd in both cases) are energetically advantageous beginning with the charge = +2 for telluromethane as well as for telluroethane, see Table 5 . The dissociation energy barrier for telluroethane is slightly lower than for telluromethane for the charges +2 and +3 (see transition states in Table 5 ), the path of the Te ion via the position next to the C-C bond seems to be an easy passage.
The comparison with tellurouracil shows that the tellurouracil molecule can bear about twice as many charges as telluromethane or telluroethane, which is obviously due to the fact that the charge is extended over a larger volume in the case of the tellurouracil molecule. Nevertheless, because the average charge on Te of +15 at the end of the Auger cascade following a 125 I decay is more than twice as high as that required to cause the dissociation of tellurouracil, it can be expected that tellurouracil will fragment in a similar manner to that observed experimentally for telluromethane and telluroethane by Carlson and White [7] .
Prospects
Further investigations may aim at the charge capacity of larger units such as tellurodeoxyuridine or whole segments of a DNA strand. In that context, another question will become crucial: How fast will a high positive excess charge be spread over a large molecule? The Auger cascade of the 125 I decay will produce an average charge of +7 within 10 −16 to 10 −14 s and a charge of +15 within 10 −9 s on the Te atom. The time constants found for different charge transfer processes in DNA vary over an ex- tremely wide scale, from less than 1 femtosecond to several tenths of a second [12, 13] . 
